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Supplementary Table S1 | Representative Z-scheme water splitting systems

Electron Reaction Gas evolution rates®
a b s d
HEP OEP mediator solution (umol h™1) Efficiency
Ho: 1.
PY/SrTiO3:Cr/Ta! PtO/WOs 10:/17 H:0 02 o 3 AQY: 0.1% at 420 nm
2. V.
Ru/SrTiO3:Rh? . H2S04 solution Ha: 122 AQY: 4.2% at 420 nm;
BiVO Fe¥/Fe2t :
(BG =23 ¢V) VR ere pH = 2.4 02: 61 STH: 0.1%
Ruw/SrTiOs:La,Rh3 . ) Ha: 105 AQY 33% at 419 nm;
(BG=2.4¢eV) Ru02/BiVO4:Mo Au layer H>O 0y 52 STH: 1.1%
Pt/TaON* Ho: 24
G _az sev) PtO/WO3 10:/1 H.0 02. 0 AQY: 0.4% at 420 nm
= 4. 2.
Pt/ZrO»/TaON’ Ha: 32.6
® Gr 22 SaeV) PtO/WOs 10:/17 H,0 02 e AQY: 6.3% at 420 nm
= 4. 2. .
Pt/MgTa:06-xNy/TaON® ) H2:108.3
(ngz 62 4;\/;‘ PtOx/WOs 10,1 H.0 02 s5a AQY: 6.8% at 420 nm
= 4. 2. .
RhyCr_y03/Zr0»/TaON PO4 soluti Ha: 1
yc(r;é03/ ; r40€z</)aON AWCoOx/BiVOs Fe(CN)s> 4+ Na}pg“ S‘; gt’on 02 620 AQY: 10.3% at 420 nm
=Z. = 0. 2.
P/IrO2/SmzTiaS205 Ha: 4.1
(];(gf?zz Slzes\i?s PtO,/H-Cs-WO; L/ H0 02 e STH: 0.003%
=Z. 2. 1.

Cr203/Rh/LasTi2Cuo.9Ago.1S507:Ga’ . Ha: 22 AQY: 3.2% at 420 nm;
B Aul H
(BG = 1.88 eV) VO uayer 0 02: 11 STH: 0.11%
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Pt/CuGaS>'°

s CoO./BiVOs
CrzO3/Pt/(%]1;23):Q51(13;1232),586:4425)0‘511 CoOBIVOS
Pt/;ﬁfzgglseeﬁzi}tlitzzgs‘:;;ftliiﬁe12 PtOW/Ir0y/WOs

(Pégf?zﬂe\f\; PtO/WOs
Pt/BaeryEgacT}a:OiI.\; i%i)d solution'* PtOx/WOs
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Pt/BaTa?él(\I} r;itlr.igzi 3)ith flux!? P{OY/WO3
Pt/BaZrO3-BaTaO:N solid solution'® PLOYWOs
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AQY: 0.54% at 420 nm;
STH: 0.01%

NR

AQY: 0.1% at 420—440 nm

STH: 0.0067%

AQY: 0.1% at 420 nm

NR

AQY: 0.06% at 420 nm

AQY: 0.6% at 420—440 nm

2 HEP: Hz-evolution photocatalyst. ® Oz-evolution photocatalyst. © Light source: 300 W Xe lamp A > 420 nm. ¢ AQY: Apparent quantum yield; STH: Solar-to-hydrogen energy conversion

efficiency; NR: Not reported.
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Supplementary Table S2 | Representative photocatalytic half-reactions of BaTaO:NN photocatalysts.

3 a
Photocatalyst materials Coc.ataly.st Reaction solution Gas evolutloljlrates Efficiency®
modification (umol h™")
BaTaO,N"3
(BC? :(1)28 eV) Pt Methanol solution H2: 50 NR
TasNs/BaTaO2N heterostructure'
ansBa (; G2= 2? Zr\(;j ructure Pt Methanol solution Ha: 27 NR
Flux-assisted BaT: 17
ux (%Séls:e? 94ae2/C))2N Pt Methanol solution H2: 16 NR
Bazr0s-B ggoff ;‘:if)somionm Pt Methanol solution Ho: 14 AQY: 0.06% at 420 nm
Flux-assi BaT: 20
ux ?;il}sie(i 81\?)021\1 Pt Methanol solution Ha: 4 NR
BaZrO3-BaTaO:N solid solution'®
acrs Sgé > ) ;"e;)so uhon 10, AgNO; solution 02 8. AQY: 0.03% at 420 nm
BaTaO:N:Mg?! .
(Ba Ga= i o8 e“i/) CoO, AgNO; solution 02: 40 AQY: 2.6% at 420 nm
Flux-assisted BaTaO2N?2
wx-assisted BaTaO, CoOx AgNO; solution 02: 699 AQY: 11.9% at 420 nm

(BG=18¢V)

2 Light source: 300 W Xe lamp 4 > 420 nm. ® AQY: Apparent quantum yield; NR: Not reported.
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Supplementary Figure S1 | Characterization of pristine BaTaO:N (RbCl). a, XRD
patterns. b, UV-vis DRS. ¢, SEM image. d,e, HRTEM images. e corresponds to the area
marked with a square in d. Inset: crystal structure of BaTaO;N along the [111] direction,
as shown in f. f, Crystal structure of BaTaO;N along the [111] direction, depicted using

the Vesta programme”.
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Supplementary Figure S2 | Photocatalytic H:-evolution performance of

Pt-modified BaTaO:N (RbCl). Time courses of photocatalytic H> evolution on
Pt-modified BaTaO>N produced by three different methods. IMP, PD and IMP+PD
denote Pt loading by impregnation-reduction, photodeposition, and sequential
decoration, respectively. Conditions: Pt-modified BaTaO.N (RbCl), 0.1 g; 10 vol%
aqueous methanol solution, 150 mL; light source, 300 W Xenon lamp (4 > 420 nm);
reaction system, Pyrex top-illuminated vessel connected to closed gas-circulation

system without evacuation of gas products.
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Supplementary Figure S3 | Characterizations of recycled Pt-modified BaTaO:N
(RbCI) photocatalyst. a,b,c, XRD patterns (a), XPS spectra (Pt 4/ and Ta 4f) (b) and
SEM images (c¢) acquired from fresh and recycled Pt-modified BaTaO>N (RbCl) used in
photocatalytic H> evolution reaction from methanol solution. Pt content was 0.3 wt% in
total by sequential decoration method (0.1 wt% by impregnation-reduction and 0.2 wt%

by photodeposition).
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Supplementary Figure S4 | Morphology of Pt-modified BaTaO:N (RbCl). SEM
images of Pt-modified BaTaO>N produced by three different methods. IMP, PD and
IMP+PD denote Pt loading by impregnation-reduction, photodeposition, and sequential

decoration, respectively.
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Supplementary Table S3 | Mass ratio of total Pt cocatalyst in Pt-modified BaTaO2N

photocatalysts analysed by ICP-AES.

Samples? Pt contents / wt%
Pt(0.1%IMP)/BaTaO,N 0.09
Pt(0.3%IMP)/BaTaO,N 0.30
Pt(0.2%PD)/BaTaO,N 0.23
Pt(0.3%PD)/BaTaO,N 0.34

Pt(0.1%IMP+0.2%PD)/BaTaO,N 0.31

4 BaTaO>N was synthesized with RbCl flux.
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Supplementary Figure S5 | XPS spectra of pristine BaTaO:N (RbCl) and
Pt-modified BaTaO:2N (RbCl). a-f, Ba 3d, Ta 4f, O 1s, N 1s and Pt 4f spectra acquired
from pristine BaTaO2N (a), Pt(0.1%IMP)/BaTaO:N (b), Pt(0.3%IMP)/BaTaO2N (c),
Pt(0.2%PD)/BaTaO>N (d), Pt(0.3%PD)/BaTaO,;N (e) and

P(0.1%IMP+0.2%PD)/BaTaO:N ().

The Pt 4f72 peaks for all the Pt-modified BaTaO>N samples were located at the binding
energy for metallic Pt (4f72: 71.2 eV)**, indicating that the Pt cocatalysts deposited by

the three methods were metallic. The peak position and intensity for Ba 3d, Ta 4f, O s
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and N 1s for Pt-modified BaTaO>N samples were also in line with those for pristine
BaTaO:N. The surface components of the BaTaO>N photocatalysts remained unchanged
after Pt modification by the different methods and did not influence the photocatalytic

activity.
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Supplementary Table S4 | Estimation of remaining photoexcited electrons in
pristine BaTaO:N and Pt-modified BaTaO:2N photocatalysts based on the transient

absorption at 300 ps.

Percentage of remaining

Samples? Absorbance at 300 psP electrons at 300 ps°
Pristine BaTaO,N 45%10°° 100%
Pt(0.1%IMP)/BaTaO,N 2.0x10°° 45%
Pt(0.3%IMP)/BaTaO,N 2.9%X10°° 64%
Pt(0.2%PD)/BaTaO,N 2.8X107° 63%
Pt(0.3%PD)/BaTaO,N 4.2X10°° 94%
Pt(0.1%IMP+0.2%PD)/BaTaO,;N 9.0x10° 20%

4BaTaO>N was synthesized with RbCl flux.
® Absorbance at 300 us was acquired from the decay of transient absorption in Fig. 3a.
“The percentage of remaining electrons in each samples was calculated with respect to

that in bare BaTaO;N.
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Supplementary Figure S6 | TA measurements of pristine BaTaO:N (RbCl) and

Pt-modified BaTaO:2N (RbCl). a,b, Time-resolved TA spectra of pristine BaTaO>N (a)

and Pt(0.1%IMP+0.2%PD)/BaTaO:xN (b). The left axis indicates the absorbance in the

visible to NIR region from 20000 cm™! to 6000 cm™!, and the right axis indicates the

absorbance from 6000 cm ™! to 1000 cm ™.

The transient absorption at around 15400 cm™' (649 nm, 1.91 eV) is attributed to

photoexcited holes in the BaTaO;N and Pt-loaded BaTaO>N samples. The absorption

intensity for Pt-loaded BaTaO2N produced by two-step decoration is clearly higher than

that for pristine BaTaO,;N at the same decay time, indicating that the lifetime of

photoexcited holes is significantly longer in the Pt-loaded BaTaO2N sample.
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Supplementary Figure S7 | Schematic of Pt cocatalyst deposition on BaTaO:N by

impregnation-reduction or photodeposition method.

The impregnation-reduction method can produce evenly-distributed fine Pt particles for
a certain small amount of Pt loading but causes aggregation of Pt particles for higher Pt
content. The Pt cocatalyst can still efficiently capture photogenerated electrons from
BaTaO:N because of the intimate contact between the Pt particles and BaTaO;N
photocatalyst, based on the HRTEM and TAS results. However, the Pt-loaded BaTaO;N
exhibited lower photocatalytic H-evolution activity than the Pt-loaded BaTaO>N
prepared by the sequential decoration method. This is because aggregation of Pt
particles resulted in insufficient catalytic sites, and the large Pt clusters could not
efficiently supply the captured electrons for the proton reduction reaction. On the other
hand, the Pt cocatalyst is deposited selectively on electron-accumulating sites of
BaTaO>N using the photodeposition method. However, Pt nanoparticles are
preferentially localized on some active BaTaOxN particles to form aggregates and have

weak contact with BaTaO;N, which decreases the amount of active catalytic sites and
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retards photoexcited electron transfer. Such drawbacks with the impregnation and

photodeposition methods reduce the photocatalytic H-evolution performance of

BaTaO:N.
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Supplementary Figure S8 | Modification of Hz-treated BaTaO2N (RbCl) with Pt by
photodeposition. a,b, HRTEM images of BaTaO,N treated by H> gas without
introducing Pt, and loaded with 0.2 wt% Pt by photodeposition method, b corresponds

to the area outlined by a square in a.
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Binding Energy / eV Binding Energy / eV
Sample Atomic ratio betweeq Pd and Ba
by XPS Analysis (%)
Pd(PD)/BaTaO,N 0.7
Pd(PD)/Pt(IMP)/BaTaO,N 4.2

Atomic ratio in the selected area

Area by EDS Analysis (%)
Pd Pt
Area 1 35 65
Area 2 100 0
Area 3 75 25
Area 4 55 45

Supplementary Figure S9 | Photodeposition of Pd on pristine BaTaO:N (RbCl) and

on Pt-impregnated BaTaO:N (RbCl). a, XPS spectra (Pd 34 and Ba 3d) acquired from
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Pd-loaded BaTaO>N samples. Pd(PD)/BaTaO>N and Pd(PD)/Pt(IMP)/BaTaO:N denote
Pd loading on pristine BaTaOoN and Pt-impregnated BaTaO;N, respectively.
Photodeposition of Pd on BaTaO,;N was conducted for 1 h. b, HRTEM images of the
sample after photodeposition of Pd on Pt-impregnated BaTaO,N for 3 h and EDS

elemental analysis results for the selected areas in the HRTEM images.

The XPS results revealed that the atomic ratio of Pd loaded on Pt-impregnated
BaTaO>N was higher than that loaded on pristine BaTaO:;N, indicating that the
photodeposition of Pd on Pt-impregnated BaTaO>N occurred more rapidly. This is
because the Pt nuclei introduced on BaTaO>N by impregnation-reduction functioned as

electron-accumulation active sites for Pd photodeposition.
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Supplementary Figure S10 | Dispersion of Pt cocatalyst particles on BaTaO:N
photocatalysts. a,b,c, SEM images of Pt-modified BaTaO>N (NaCl) (a), Pt-modified
BaTaO:;N (CsCl) (b) and Pt-modified BaTaO>N (KCI) (¢). Pt content was 0.3 wt% in
total by sequential decoration method (0.1 wt% by impregnation-reduction and 0.2 wt%

by photodeposition).
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Supplementary Figure S11 | XPS spectra of different Pt-modified BaTaO:2:N

photocatalysts. a-d, Ta 4f, Ba 3d, Pt 4f, O 1s, N 1s, Na ls, Cs 3d, K 2p and Rb 3d

spectra acquired from Pt-modified BaTaO>N (NaCl) (a), Pt-modified BaTaO>N (CsCl)

(b), Pt-modified BaTaO>N (KCI) (c), Pt-modified BaTaO,N (RbCl) (d). Pt content was

0.3 wt% in total by sequential decoration method (0.1 wt% by impregnation-reduction

and 0.2 wt% by photodeposition).

XPS analysis reflects that the incorporation of alkali metal ion in the top surface layers

was negligible for BaTaO2N synthesized with RbCl, KCI or CsCl flux
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Pt-modified BaTaO:N photocatalysts. a, Transient absorption decays corresponding to
electron dynamics in bare and Pt-modified BaTaO>N photocatalysts probed at 11000
cm ! (910 nm, 1.36 eV). b, Transient absorption decays corresponding to hole dynamics
in bare and Pt-modified BaTaO>N photocatalysts probed at 15400 cm™' (649 nm, 1.91
eV). ¢, Transient absorption decays corresponding to electron dynamics in bare
BaTaO:N photocatalysts probed at 11000 cm ™' (910 nm, 1.36 V). Pt content was 0.3 wt%
in total by sequential decoration method (0.1 wt% by impregnation-reduction and 0.2 wt%

by photodeposition).

Comparing the absorption signals of deeply-trapped electrons between bare and
Pt-modified BaTaO>N samples, the largest decrease was observed for BaTaO>N (RbCl)
(Supplementary Fig. 12a). The absorption intensity of photoexcited holes decayed faster
for BaTaO>N (NaCl) and BaTaO>N (CsCl) after Pt modification (Supplementary Fig.
12b), suggesting that the accelerated electron decay for these two samples was largely
due to recombination with holes at defect states. The same hole dynamics for BaTaO,N
(KCl) with and without Pt loading indicate a possible balance in the number of electrons
that were captured by Pt and recombined with holes. It is worth noting that the
BaTaO;N (RbCI) photocatalyst exhibited reduced hole decay when the Pt cocatalyst
was decorated, indicating a low level of structural defects and mid-gap states in

BaTaO:;N (RbCl) acting as recombination centers.
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Supplementary Figure S13 | Characterization of bare BaTaO:2N photocatalysts. a,

XRD patterns. b, UV-vis DRS and optical photos.

XRD patterns show the best crystallized BaTaO,N was synthesized by RbCI
flux-assisted nitridation?’. These BaTaO>N materials synthesized with different fluxes
exhibited similar brownish-red colour, which agrees well with the same absorption
edges at around 650 nm in UV-vis DRS?*?, The lowest background absorption for
RbCl-assisted BaTaO:N indicates the minimized defect densities (reduced Ta>* species

and anion vacancies) in BaTaOxN crystal.
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Supplementary Table S5 | Atomic ratios of elements in bare BaTaO2N

photocatalysts analysed by ICP-AES and ionic radii of alkali metals.

Sample Ba(%) Ta(%) O(%) N(%) A'ka('iy;;‘e‘a' R;d:::l ‘(’; f;";a”
BaTaO,N (NaCl) 191 204 418 173 1.6 (Na) 0.139 (Na)
BaTaO,N (KCI) 189 195 415 196 0.5 (K) 0.164 (K*)
BaTaO,N (RbCI) 200 204 402 193  46x102 (Rb)  0.172 (Rb)

BaTaO;N (CsCl) 19.7 20.0 40.9 194 2.3X10™ (Cs) 0.188 (Cs*)

# Coordination number was recognized as 12.
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Supplementary Figure S14 | Photocatalytic activity in half-reactions. The H>
evolution reaction was carried out using Pt-modified BaTaOxN in the presence of Nal as
an electron donor. Conditions: Pt-modified BaTaO:N (RbCl) photocatalyst, 0.1 g; 5 mM
aqueous Nal solution, 150 mL; light source, 300 W Xenon lamp (4 > 420 nm). The O>
evolution reaction was carried out using surface-treated WOs3 in the presence of NalOs;
as an electron acceptor. Conditions: surface-treated WO3 photocatalyst, 0.15 g; 20 mM
aqueous NalOjs solution, 150 mL; light source, 300 W Xenon lamp (4 > 420 nm);
reaction system, Pyrex top-illuminated vessel connected to closed gas-circulation

system without evacuation of gas products.
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Supplementary Figure S15 | Photocatalytic performance for Z-scheme water
splitting. a,b, H> and O evolution during Z-scheme water splitting reaction with
periodic evacuation using Pt(0.1%IMP+0.2%PD)/BaTaO.N as the HEP, under visible
light (4 > 420 nm) (a) and simulated sunlight (b). Conditions:
Pt(0.1%IMP+0.2%PD)/BaTaO2N (RbCI), 0.1 g; surface-treated WO3, 0.15 g; 150 mL
aqueous Nal solution, 1 mM for a and 3 mM for b; light source, 300 W Xenon lamp (4
> 420 nm) or solar simulator (AM 1.5QG), irradiation area for solar simulator was 7.6
cm?; reaction system, Pyrex top-illuminated vessel connected to closed gas-circulation

system with periodical evacuation of gas products at an interval of 30 min.
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Supplementary Figure S16 | Effect of the redox concentration on Z-scheme water
splitting activity. a,b, Gas evolution rate as function of concentration of Nal during
Z-scheme water splitting over Pt(0.1%IMP+0.2%PD)/BaTaO>N as the HEP, under
visible light (4 > 420 nm) (a) and simulated sunlight (b). Conditions:
Pt(0.1%IMP+0.2%PD)/BaTaO>N (RbCl), 0.1 g; surface-treated WOs3, 0.15 g; aqueous
Nal solution, 150 mL; light source, 300 W Xenon lamp (4 > 420 nm) or solar simulator
(AM 1.5G), irradiation area for solar simulator was 7.6 cm?; reaction system, Pyrex
top-illuminated vessel connected to closed gas-circulation system with periodical

evacuation of gas products.
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Supplementary Table S6 | Dependence of Z-scheme water splitting under

monochromatic light irradiation (4 = 420 nm) on reaction conditions.”

Amount of Rates of gas evolved /
Entry photocatalyst / g C:fn;(aa?’;rﬁ:i&n Hmol h™" AQY® / %
HEP OEP H, 0,
1 0.05 0.10 1 6.0 22 1.2
2 0.10 0.15 1 10.7 4.2 2.2
3 0.15 0.25 1 7.6 3.2 1.6
4 0.10 0.15 3 15.7 6.8 34
5 0.10 0.15 5 18.6 7.8 4.0
6 0.10 0.15 8 12.9 5.5 28

# Conditions: Pt(0.1%IMP+0.2%PD)/BaTaO>N (RbCl) as the HEP; surface-treated WO3
as the OEP; aqueous Nal solution, 150 mL; light source, 300 W Xenon lamp equipped
with a band-pass filter (1 = 420 nm); reaction system, Pyrex top-illuminated vessel
connected to closed gas-circulation system with periodical evacuation of gas products.

® Estimated from the average of Hz evolution rates and twice Oz evolution rates.
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Supplementary Figure S17 | Stability test of Z-scheme water splitting. The reaction
was carried out at 6 kPa in the gas flow system with continuous evacuation. Conditions:
Pt(0.1%IMP+0.2%PD)/BaTaO>N (RbCl), 0.1 g; surface-treated WOz, 0.15 g; 1 mM
aqueous Nal solution, 150 mL; light source, 300 W Xenon lamp (4 > 420 nm); reaction
system, Pyrex top-illuminated vessel connected to Ar gas-flow system with continuous

evacuation of gas products.
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Supplementary Figure S18 | Effect of background pressure on Z-scheme water
splitting activity. a,b, Gas evolution rate for Z-scheme water splitting as function of
background pressure in closed circulation system (a) and in gas flow system (b).
Conditions: Pt(0.1%IMP+0.2%PD)/BaTaO;N (RbCl), 0.1 g; surface-treated WO3, 0.15
g; | mM aqueous Nal solution, 150 mL; light source, 300 W Xenon lamp (4 > 420 nm);
reaction system, Pyrex top-illuminated vessel connected to closed gas-circulation
system with introduction of Ar gas and without evacuation of gas products for a,
connected to gas-flow system with continuous Ar gas feed and continuous evacuation of

gas products for b.
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Supplementary Figure S19 | Water formation from H: and O: in darkness.
Conditions: Pt(0.1%IMP+0.2%PD)/BaTaO;N (RbCl), 0.1 g; surface-treated WOs3, 0.15

g; 1 mM aqueous Nal solution, 150 mL.

This experiment was carried out in a closed circulation system containing a
stoichiometric mixture of Hz and Oz gases (5360 umol for Hz and 2760 pumol for O>).
The decreases in Hy and Oz were in the stoichiometric ratio of 2 to 1, indicating a water

formation reaction. Nearly 90% of the Hz and Oz were consumed in 10 h.



Electronic Supplementary Information (ESI)

_ 200 ;
g E-—Evac.
o 150- §
S @ @ H
(o] Qo : o
: | °
@ 100- @ o
o 5 ] o
S @ ; Q
€ 50 o L9
: 1
o 002
Q N g
040 "

Irradiation time / h

Supplementary Figure S20 | Time course of Z-scheme water splitting. The
Z-scheme water splitting system was constructed with Pt(0.1%IMP+0.2%PD)/BaTaO,;N
as the HEP, and untreated WO3 as the OEP. Conditions:
Pt(0.1%IMP+0.2%PD)/BaTaO>N (RbCl), 0.1 g; untreated WOs3, 0.1 g; 5 mM aqueous
Nal solution, 150 mL; light source, 300 W Xenon lamp (4 > 420 nm); reaction system,
Pyrex top-illuminated vessel connected to closed gas-circulation system with

intermediate evacuation of gas products at 3.5 h illumination.

In the redox-mediated Z-scheme water splitting system, reverse reactions including the
reduction of oxidized mediators on the HEP and the oxidation of reduced mediators on

the OEP compete with the water splitting reaction and reduce the total activity. When I™
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anions were used as an electron mediator, they were oxidized on Pt-modified BaTaO,;N
to form 10; and I; species®'%. The adsorption and reduction of IO; and I; species on
the untreated WO; were less efficient than on the surface-treated WO3%6, and the
reduction of remaining IO; and I; species competed with the H> evolution reaction on
Pt-modified BaTaO;N. Therefore, both the H, and O» evolution rates were low and the
stoichiometric ratio was not achieved when untreated WO3; was used as the OEP. The
use of surface-treated WO;3 suppresses the reverse reaction involving redox mediators
on Pt-modified BaTaO;N and helps improve the intrinsic performance of BaTaO:N in

the Z-scheme water splitting system.
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